Coat assembly demarcates the bud site on the "donor" membrane and serves to shape the budding vesicle. Three major classes of coat proteins have been characterized to date, although it is certain that others exist. Clathrin coats were the first to be morphologically identified and biochemically defined. These are assembled from clathrin triskelions (consisting of three 190 kDa "heavy" and three -35 kDa "light" chains) and heteroteti-americ adaptor protein (AP)2 complexes (1, 2). The AP complexes structurally distinguish clathrin-coated vesicles (clathrin-CVs) that bud from the plasma membrane from those that bud from the trans-Golgi network (TGN 
COP-COATED VESICLE FORMATION
The mechanism of COP-coated vesicle formation has been extensively characterized (11, 12) , although the physiological function of these COP-C Vs has recently been questioned (13 The minimal energy requirements for COP-CV budding using highly purified cytosolic factors have also been established (Fig. 1A) . Even though ATP is not absolutely required for the vesicle budding event, efficiencies are considerably enhanced in its presence (12) . The role of ATP in COP-coated vesicle budding is not known. GTP hydrolysis by ARF1 is not required for COP-CV budding, and instead is required to release the coatomer complex and ARF1 from the vesicle (ii). In the absence of additional cytosolic components, GTP hydrolysis by ARF1 is very slow. In in vitro assays performed using purified coat constituents, newly formed COP-CVs accumulate to the same extent in the presence ofeither GTP or its nonhydrolyzable analog, GTP'yS (12) . These results suggest that an additional factor (or factors) is required to catalyze the uncoating of COP-C Vs (Fig. 1A) . Uncoating is required forsubsequent fusion. the assembly of the Sec 13 and Sec23 complexes from separate cytosolic pools to form the COPII-coated bud. Sarip, the Sec 13 complex, and the Sec23 complex constitute the minimal cytosolic requirements for efficient COPII vesicle budding from the ER in vitro (9). In contrast to COP-CVs, neither ATP nor acyl-CoA appear to be required for COPII-CV budding.
COPII-CV FORMATION
As was found for ARF, GTP hydrolysis by Sarip is required for its release from the vesicle, but not for vesicle budding.
The Sec23 complex has Sarip-specific GAP (GTPase-activating protein) activity (10), and so other cytosolic components may not be required for the recycling of Sarip (Fig. 1B) . The release of Sarip from COPII-CVs destabilizes the remaining coat subunits. COPII-CVs formed in vitro in the presence of GTPyS are unable to fuse with acceptor Golgi membranes, which suggests that the coat is a barrierto fusion.
COAT PROTEINS ALONE ARE INSUFFICIENT TO DRIVE CLATHRIN-CV FORMATION
The role of a protein coat in transport vesicle formation was first suggested on the basis of electron micrographs of coated pits and coated vesicles involved in yolk protein uptake in mosquito oocytes (20). Ten years later, endocytic clathrinCVs were the first transport vesicle to be purified leading to the identification of clathrin and APs as the major constituents of the "clathrin" coat (i). 1C) . However, unlike the uniformly shaped COP-or COPII-coated buds, planar clathrin lattices and coated pits of varying degrees of invagination are readily detected on the plasma membrane after a number of sample preparation and fixation protocols (33-35). These observations are consistent with the idea that clathrin-coated pits gradually gain curvature (33). Given the energetic constraints of rean-anging an initially planar lattice into a curved one (3), the mechanism for this invagination reaction remains obscure.
In contrast to COP-or COPII-CV formation, coat protein assembly is insufficent to drive endocytic clathrin-coated vesicle budding. Additional cytosolic proteins, as well as ATP and GTP hydrolysis, are required in two subsequent events (Fig. iC) . The first leads to the formation of a constricted coated pit. These intermediates are functionally defined by their ability to sequester receptor-bound ligancis from exogenously added macromolecules while their contents remain accessible to small, membrane impermeant reagents. They have been detected both in vivo (36) and in vitro (21). The formation of constricted coated pits in vitro can be supported by GTP'yS, but not by ATP'6 (Fig. 1C) . The final membrane fission event that leads to vesicle budding requires both ATP and GTP hydrolysis (28, 29). The ATPases apparently required for these late stages in endocytic coated vesicle budding have not been identified.
However, the 100 kDa GTPase, dynamin, has recently been shown to play a direct role in coated pit constriction and clathrin-CV budding.
DYNAMIN, A GTPase UNIQUELY REQUIRED

FOR ENDOCYTIC CLATHRIN-CV FORMATION
The first evidence for a direct role of dynamin in endocytic vesicle budding came from the discovery that the Drosophila shibire gene product was 70% identical to mammalian dynamin (37, 38 GTP binding would trigger the redistribution of dynamin and its assembly into rings to form constrictions at the necks of invaginated pits. GTP hydrolysis would be required to drive a second concerted conformational change, closing the collar and severing the necks to form coated vesicles (Fig. 1C) .
A DISTINCT MECHANISM FOR RECYCLING OF THE CLATHRIN COAT CONSTITUENTS
Whereas the release of the COP and COPII coats requires GTP hydrolysis by the small GTPase constituent of the coat, the release ofclathrin and AP complexes requires an ATP-dependent reaction mediated by cytosolic factors unrelated to the coat. One of these proteins is the uncoatingATPase/hsc7O, which hydrolyzes three ATP molecules to drive clathrin release (50). Clathrin is released in association with hsc70. Recently auxilin, a peripheral membrane component of coated vesicles, was identified as a 100 kDa regulator of hsc70-mediated clathrin release (51). AP2 complexes are not released from coated vesicles during this uncoating reaction, and recent results have suggested that another cytosolic factor may be required for this function (52). Thus, the reactions mediating disassembly of the clathrin-CV coat apparently are more complex than for their COP and COPIICVcounterparts.
CLATHRIN-CV
BUDDING FROM THE TGN
Cell-free assays to study clathrin-coated vesicle budding from theTGN are just being developed, and so the biochemical requirements for these events have not yet been characterized. Given the high degree of structural and sequence similarity between subunits of the plasma membrane-associated AP2 complexes and the TGN-associated APi complexes and the common coat constituent, A mammalian P1-3 kinase more homologous to Vps34p has been identified (59) but its role in TGN to lysosome trafficking has not been established.
SIMILARITIES AND DIFFERENCES IN THE MECHANISMS OF COATED VESICLE FORMATION
The three distinct mechanisms for coated vesicle formation are diagramed in Fig. i for comparison. Events leading to the formation of COP and COPII-C Vs are superficially related. In sum, a small GTPase is recruited concomitantly with GTP/GDP exchange to a saturable receptor on the donor membrane where it triggers assembly of the coat constituents. Coat assembly drives vesicle budding. Neither ATP nor GTP hydrolysis is absolutely required except to recycle the coat proteins. The recruitment of APi and then clathrin to the TGN also appears to be triggered by the small GTPase ARF1, although subsequent events leading to vesicle budding are uncharacterized.
In contrast, AP2 recruitment to the PM appears not to require GTP and the subsequent coat assembly is insufficient to drive vesicle budding. Instead, endocytic coated vesicle budding also requires both ATP-dependent processes (by as yet unidentified factors) and GTP binding and hydrolysis by dynamin, as well as potentially other as yet unidentified
GTPases. The cell-free systems and biochemical assays used to probe these distinct coated vesicle budding evetlts differ in several respects. First, the requirements for COPI and COPII vesicle formation have been defined using partially enriched membrane fractions and purified cytosolic components whereas assays for clathrin-CV formation use whole-cell membrane preparations and crude cytosolic fractions. Second, COP and COPII coat constituents are purified from soluble cytosolic pools, and clathrin and AP2 complexes are extracted from isolated coated vesicles. Third, assays for endocytic coated vesicle formation measure the internalization of specific receptor-bound ligands, which are selectively concentrated in coated pits (2i). In contrast, COP-CVs formed in vitro do not concentrate their cargo nor do they exclude resident proteins of the Golgi membrane (i2). Resident ER proteins are excluded from COPII-CVs formed in vitro, but it is not clear whether the soluble secretory protein used as a markeris concentrated during vesicle budding (9). Could the mechanistic differences detected reflect the disparate cell-free systems and assays used to dissect coated vesicle formation?
Or do they instead reflect bona fide functional distinctions between classes of coated vesicles? From the examples that follow, it is likely that as the mechanistic details of coated vesicle budding continue to be unraveled, some aspects will appear more similar and some more distinct.
A ROLE FOR GTP-BINDING PROTEINS IN AP2 RECRUITMENT?
Even though the binding of purified AP2 complexes to the PM itl vitro does not require GTP (4, 21) , recent studies have shown that the assembly of AP2 complexes from the cytosol onto the plasma membrane can be disrupted in vitro by GTP'yS. In the presence of GTP, AP2 complexes are mistargeted so that they assemble from the cytosolic pool not on the plasma membrane but instead onto elements of the endosomal compartment (30). The GTP-dependent mistargeting is sensitive to BFA even though AP2 interaction with its receptor on the plasma membrane is unaffected by BFA. It has been proposed that GTPyS activates a normally cryptic reservoir of AP2 receptors stored in a recycling endosomal population (30). However, it is also possible that these reagents alter the specificity of tile recruiting mechanism forsome othercoat protein.
Regardless, these results
suggest that the recruitment of AP2 complexes from the cytosol can be regulated by a GTP-binding protein; could another ARF-family member be involved? Overexpression of domitlani-negative mutants of ARF6 inhibit endocytic membrane trafficking whereas ARF1 mutants have no effect (55). ARF6 is a BFA-insensitive member of the ARF family of small GTPases that has been localized to the plasma membrane in its GTP-bound conformation and to tile endosomal compartment in its GDP-bound form (55, 60 
DIFFERENT ENERGY REQUIREMENTS FOR CLATHRIN-CV AND COP-CV BUDDING
Earlier studies of COP-and COPII-CV formation in cruder systems indicated a requirement for both ATP and GTP hydrolysis (61,62). However, as these systems became more defined it was found that ATP was required in crude systems to generate GTP, and in the case of COP-CV formation to generate acyl-CoA, and that GTP hydrolysis was required to recycle limiting amounts of the coat constitutents.
Thus, it is possible that the requirement for ATP and GTP hydrolysis observed for endocytic coated vesicle budding is a consequence of the use of perforated cells and crude cytosolic fractions in this assay system. Reconstitution of this process using purified components will be necessary to unambiguously resolve this issue; however, the following observations suggest that there are, indeed, more stringent energy require- (6) , and these vesicles exclude ER-resident proteins (6, 9) . Second, in a manner similar to AP complexes, the p-COP subunit of the coatomer has been shown to interact with sorting motifs on cargo molecules (65). The following structural features of the plasma membrane make it a more rigid and perhaps more energetically dematlding membrane surface from which to bud a transport vesicle. First, a higher cholesterol and saturated glycosphingolipid content gives the plasma membrane a more rigid lipid bilayer. Second, the high content of sialylated glycolipids and glycoproteins on the cell surface contributes repulsive charges that may impede the close apposition of outer membrane leaflets required for membrane fission. In contrast, neutral lipids predominate in the outer leaflet of intracellular organelles and the acidic phospholipids are largely concentrated on the cytoplasmic leaflet. Third, the underlying and interconnected cytoskeletal matrix of spectrin and actin fortify the plasma membrane.
Fourth, at least in situ, the plasma membrane is anchored to the extracellular matrix or to neighboring cells. Finally, it has been argued (67) that although abherant fusion events between inner leaflets on opposing sides of Golgi or ER tubules would sever the organelle, homotypic fusion events would quickly repair tile damage.
In contrast, abherant fusion between the outer leaflets of plasma membranes on adjacent cells would result in the physiologically unfavorable formation of multinucleate cells. We propose, therefore, that the requirements for ATP and GTP hydrolysis and the novel structural role of the dynamin collar provide additional mechanical force required to sever the more rigid plasma membrane and also ensure that membrane fission occurs only between outer leaflets of the same plasma membrane.
MORE COATS, MORE MECHANISMS TO COME?
So that we do not leave the reader with the mistaken impression that there are only two basic mechanisms for transport vesicle formation-one for intracellular organelles, one for the plasma membrane-it is important to mention that mechanistic studies of the formation of other classes of coated transport vesicles arejust beginningand othercoats remain to be identified (see Fig. 2 ). For example, high-resolution, 
